Mathematical models and simulation are considered a powerful tool in engineering practice. Those tools are becoming increasingly used for the improvement of wastewater treatment plants design because the conceptual design is complex and ill-defined. In this paper, three alternatives: 1) complete mix activated sludge without nitrogen removal (CAS); 2) complete mix activated sludge with nitrogen removal (CAS-N) and; 3) membrane bioreactor (MBR) processes were designed into two steps: first concept design to calculate the size of process units, then second implement modeling and simulation to improve the accuracy of the conceptual design. In brief, the treatment process design has been verified by using the activated sludge model No. 1 (ASM1) in GPS-X (v.7) simulation software. This application helps not only in sizing the treatment units but also in understanding the plant's capacity. In the same time, it can assist in studying the future expansion works required for increased hydraulic and organic loadings. For this purpose, Tikrit WWTP was selected as a case study. The used model was validated by comparing the designed values of the plant and the modeling data. The verification of the obtained results from both hand calculations and the results of the program showed a good agreement. A significant difference in the volume of secondary treatment was obtained from design calculations, where the CAS without denitrification system was 9244 m 3 (aerobic and secondary tanks), CAS with denitrification system was 11,324 m 3 (anoxic, aerobic and secondary tanks) and for MBR system was 7468 m 3 (anoxic, aerobic and immersed membrane tanks 
Introduction
The activated sludge process (ASP) is the most widely used wastewater treatment technology. This is because of its high flexibility which allows the designer to adopt it to any kind of wastewater, it is the most cost effective, and it is also capable of producing high effluent quality that meets the increasingly stringent effluent standards.
In the ASP, microorganisms are responsible for degradation and removal of contaminants within the wastewater [1] . Depending on the design and the specific application, the ASP can achieve biological carbon (C) substances removal and biological nitrogen (N) substances removal [2] . A comprehensive review on evolution of the ASP can be found in the research's Jeppsson [3] .
Since the beginning of the 20th century, modifications at the design and operational conditions of the conventional ASP have been developed to meet increasingly stringent performance demands [4] . In this sense, a large number of variations of the conventional ASP have been designed to improve system performance by modifying the reactor layout, influent pattern, aeration system, and operational conditions. Some of the more widely used modified activated sludge processes include completely mixed activated sludge (CMAS), extended aeration activated sludge (EAAS), step-feed activated sludge, oxidation ditch, sequencing batch reactor (SBR), membrane bioreactor (MBR) processes, etc. [5] .
Technological development in the last three decades has led to the application of a membrane bioreactor (MBR) for many medium and large municipal WWTPs. MBR is a system that combines biological treatment with membrane filtration into a single process. The first reported application of MBR technology was in 1969, when an ultra-filtration membrane was used to separate activated sludge from the final effluent of a biological wastewater treatment system and the sludge was recycled back into the aeration tank [6] . Since then, the MBR system has evolved, and the research on MBR technology has significantly increased [7] . MBR system used often in countries faced with a barrier of space limitations on one hand, and the increasing expectations regarding effluent quality that sometimes much exceeds those required by legal standards, on the other [8] .
The most challenging step in wastewater treatment plant design is the selection of treatment process which defined as a combination of unit operations and processes capable of meeting effluent permit requirements [9] . Usually, design of Traditionally, design of WWTP's is carried out using empirical equations and simplified system descriptions available in guidelines, for example Metcalf & Eddy [10] , ATV [11] , and Park et al. [12] . These guidelines could be used for design purposes by identifying influent wastewater characterizations and operating conditions, and setting the effluent requirements. Accordingly, the treatment plant units are estimated and sized (reactor volume, sedimentation tanks, aeration capacity, pumps capacity, etc.).
Currently, the use of dynamic modeling and simulation is a common practice in the field of wastewater treatment [13] . Many models are available for ASP, such as for degradation of organic carbon material, nitrification and denitrification, and biological phosphorus removal (Activated Sludge Models ASM1, ASM2, and ASM3) [14] . Other models are also available for modifications of activated sludge such as moving bed bioreactors [15] , and membrane bioreactors [16] . All these models are supported by several platforms for dynamic simulation of WWTP such as GPS-X, SIMBA, AQUASIM, BioWin, EFOR, STOAT and WEST [2] . Modeling and simulation tools have been used to evaluate process alternatives [17] [18] and [19] , to optimize design [20] , and to analysis and evaluate costs [21] .
Focusing on the design applications, after the preliminary concept design step based on the guidelines, modeling and simulation tool could be used to: 1) evaluate the proposed process alternatives for new WWTP units; 2) check and validate the design in order to confirm different process units sizing, sludge concentrations, recirculation rates, and effluent compliance to the identified standard of discharge limits; and 3) check the performance of the WWTP under dynamic conditions.
The main objective of this paper is to present and demonstrate a systematic approach to design three alternatives of biological wastewater treatment systems, namely conventional activated sludge (CAS1), conventional activated sludge with removal nitrogen (CAS-N) and membrane bioreactor (MBR) for Tikrit, Iraq WWTP as a case study. The design of the three alternatives was conducted into two steps: 1) use the empirical formula and guidelines to initially design the WWTP units, and 2) apply modeling and simulation tool to verify the initial design of the three alternatives using the software GPS-X (v.7).
Material and Methods

Description of the Case Study
In order of the design requirements for the present study, a WWTP located in generation from water consumption [22] . Peaking, maximum, and minimum factors equal to 2.75, 2, and 0.3 respectively were selected [10] . There for the values of average, peaking, maximum, and minimum design flow rates were 30,000; 82,500; 60,000; and 90,00 m 3 /day respectively for each Phase. [12] .
Designs for the given guidelines are determined by defining influent wastewater characteristics, specifying operating preferences (e.g. DO and MLSS concentration in the reactors), selecting safety factors (SF) and setting the effluent requirements. The design outcomes will present in the next section.
Design of Wastewater Treatment Plants (CAS, CAS-N and MBR)
The design of the WWTPs includes the units of preliminary treatment, primary treatment, and secondary treatment. The preliminary treatment and primary treatment units were assumed the same design sizes for the three studied alternatives (CAS, CAS-N and MBR) because the flow rate was the same value of each alternative. Design and simulation of sludge processing was not included in the overall WWTP model, due to the lack of some relevant data.
1) Preliminary treatment
Preliminary treatment stage includes two units (coarse screen and grit chamber). The design procedure used in this design stage is described below:
The screen chamber is provided at the binging of WWTP in order to prevent large particles to pass through. The design details are shown in Table 2 .
b) Grit chamber
Grit chamber is designed to remove grit consisting of sand, gravel, cinders or other heavy solid materials that have subsiding velocities or specific gravities substantially greater than those of the organic putrescible solids in wastewater [10] . The design details are shown in Table 3 .
2) Primary treatment Table 2 . Design details of the screen chamber. In primary treatment the wastewater still contains non-coarse suspended solids (settleable solids and part of the organic matter), which can be partially removed in sedimentation units. Primary clarifier unit represents the primary treatment stage. Table 4 presents the design details of primary clarifier.
3) Secondary treatment
The wastewater will be allowed for biological treatment in the secondary treatment process which includes three different systems configuration: a) Carbonaceous removal process (CAS)
In this system, only carbonaceous matter is removed by microorganisms in the reactor (aerobic tank). The computation approach for the design of the activated-sludge process is presented in Table 5 .
b) Crbonaceous, nitrification and denitrification removal process (CAS-N).
This system is designed for the removal of both carbonaceous and nitrogenous substance by microorganisms in the reactor (anoxic and aerobic tank). The computation approach for the design of the ASP is shown in Table 6 .
c) Secondary clarifier design
As part of the proposed secondary treatment for (CAS and CAS-N), a secondary clarifier is designed. The secondary clarifier is essential for the removal of suspended solids that encompass the nutrients. The computation approach for the design of the secondary clarifier is shown in Table 7 . e) Membrane system
The design of the membrane system includes determining the design flux, the required number of membrane modules, and the aeration requirement for coarse bubble aeration. Table 8 presents design criteria of membrane system.
Verification of the Design Guideline Using Mathematical Modeling
A computer program GPS-X (v.7) software package (Hydromantis Inc., Ontario, Canada) was used in this study to verify and optimize the obtained plants design.
It was also used to simulate and verify the process performance in normal condition and shock loading conditions (double organic load and increase of influent flow). The predicted effluent concentrations obtained with the process model are then compared to the effluent requirements which were imposed for the designs.
These enable to investigate whether the guidelines lead to optimal designs or to over-or under-sized plants. It is important to stress that the same criteria used for the design requirements are applied in the evaluation step.
In order to carry out the WWTPs simulation, the same inputs used for the designs (influent characteristics and operating preferences together with the design outcomes obtained from the guideline are used to develop the process model. The major models used to evaluate the designs WWTPs includes mainly the Activated Sludge Model No. 1 (ASM1) for biological processes, the BOD based influent model for influent characterization, and the model simple1d for clarification process [23] .
Daily average value of influent flow rate, influent concentrations [Biological Oxygen Demand (BODin), Total suspended solids (Xin), and Total Kjeldahl Nitrogen (TKNin)] were used as inputs for the model and Mixed Liquor Suspended Solids in the aeration tank (MLSSr). The value of DO concentration was set at 2 mg/L for oxygen transfer efficiency of the fine bubble diffusers. Figure 1 represents the layouts of the designed WWTPs that used for simulation of the three alternatives.
Discussion of Differences Observed
In order to verify the design results for the WWTPs (CAS, CAS-N and MBR), the adjustment of some operational parameters have to be taken into account. Steady-state simulation provides a solution to the system based on the average influent flow to the system. Those parameters were adjusted one by one until the model fits well. Table 9 represents values before and after adjustment.
In order to understand the differences obtained between some values before and after model calibration several factors have to be taken into account: 1) In fact, the design allows selecting two important characteristics of the treatment plant: the MLSS and the SRT. However, it is impossible to impose both on the dynamic process model. When imposing an MLSS concentration, the BSM1 simulations result in change the SRTs. The differences in the SRTs can be explained by the different model structures of both models that do not allow fixing the MLSS and the SRT of the system at the same time. Note that, when fixing the SRTs (and leaving the MLSS to evolve to lower values) would make that the effluent organic compounds concentrations would come higher and closer to the values the plant was designed for. 2) Sludge production is much higher after modeling compared to the expected sludge production from the hand calculations. The different between default kinetic and stoichiometric parameters for both the used guidelines and model structure, may lead to those differences [24] .
Results and Discussion
The results and discussion part is divided into two parts. The first part deals with the empirical design of the wastewater treatment plants, while the second one The membrane is used as a filter instead of gravity sedimentation tanks, which results in a smaller footprint than CAS processes.
Designs Obtained with the Empirical Formula and Guidelines
Evaluation of Designs with a Dynamic Process Model
The second goal of this study is to verify the design guideline with ASM1-based process model. Verification processes were implemented through the examination of the process unit's sizes by means of the performance of CAS, CAS-N and MBR under two scenarios (stable and unstable conditions) to ensure the accuracy of the plants to reach the design effluent requirements.
Performance of WWTPs at Stable Condition
In this stage, the analysis was prepared based on the steady state performance. To assess the performance of each system to remove organic matter, the flow rate was kept constant at 30,000 m 3 /d and the domestic wastewater characteristics of Tikrit WWTP is the same as given in Table 1 . Figure 2 represent an example of agreement between the model and the process performance. It can be noted that, as shown in Figure 2 , higher removal efficiencies of the organic matter were achieved by each system under the normal conditions. In addition to effluent concentrations in each system still enough to meet Iraqi code requirements. 
Performance of WWTPs under Unstable Conditions
The conditions at any wastewater treatment process are usually altered due to the change in flow-rate and composition of wastewater with the time. The unstable conditions lead to complexity in the operation of the activated sludge processes, which requires accurate and well developed modeling techniques. In order to assess the changed conditions on the performance of WWTP, two scenarios were investigated.
The aim of the first scenario is to investigate the performance of the three processes under a hydraulic shock load. So, the flow rate was increased from 20,000 m Therefore it can be demonstrated that the empirical design is fruitful, and the sizes of the process units achieve the requirements of Iraqi code.
Evaluation of the Design Guideline Verification Methodology
BSM1 simulations can be used to study the change of the reactor volume. The volume can be reduced until the predicted effluent concentrations reach the design effluent requirements. In this case the dynamic simulations are applied with gradual changes in the volume of the aerobic reactors. The results represented in Figure 5 shows that the used design guidelines give over-sized aerobic reactors [24] . Therefore; the aerobic volume could be reduced by 55% for CAS, 35% for CAS-N, and 55% for MBR according to the ASM-type model.
The plant size can be significantly reduced if the safety margins included in the dimensioning guidelines is removed. In Benedetti et al. [25] the volumes obtained with ATV design guidelines were reduced up to 60% of its original volume when using a dynamic model. Also, in Corominas et al. [24] the volumes obtained with Metcalf & Eddy design guidelines were reduced up to 35% of its original volume when using a dynamic model.
Conclusion
The present study set out to design three configurations of WWTPs and verify the designed process by the application of GPS-X model. From the methodology of conceptual design described in this paper, results illustrated that proper design construction combined with good produce effluents can be developed to support optimal treatment process selection. In general, using application of GPS-X is very helpful tool in verifying the pre-design of WWTPs. In addition, this application helps in understanding the plant's performance under different conditions as well as in deciding the future expansion works needed for increased hydraulic and organic loadings. It can be concluded that the verification of design guidelines is not easy issue and there is still further work to do, however, both design guidelines and dynamic process model simulations have their role to play and to make better understanding of the impact of various factors of the process design.
